The purpose of this study was to investigate the effects of three different intensities of exercise on oxidative stress and antioxidant capacity. Eight healthy male subjects performed three different intensities of exercise for 20 minutes: (1) 70% anaerobic threshold (AT) (light intensity, LI), (2) 100% AT (moderate intensity, MI), and (3) 130% AT (high intensity, HI) on a cycle ergometer. A control (C) trial was conducted under resting conditions. Blood samples were taken pre-exercise, immediately and 30 min after exercise. In the HI trial only, the concentrations of plasma derivatives of reactive oxygen metabolites (d-ROMs) were significantly higher immediately (P<0.01) and 30 min after exercise (P<0.05) than at preexercise. Furthermore, plasma trolox equivalent antioxidant capacity was significantly higher immediately after exercise in the HI trial (P<0.01). And, plasma glutathione peroxidase (GPX) activity was significantly higher immediately after exercise than at pre-exercise in the MI (P<0.05) and HI trials (P<0.01). These data suggest that 20 min of pedaling exercise above the AT level may increase ROS production, while endogenous enzyme activity (especially GPX activity) or non-enzymatic antioxidants may modulate exercise-induced ROS generation. Thus, exercise under the AT level induces very little oxidative stress damage in young people.
Introduction
Reactive oxygen species (ROS) play an important role in the maintenance of homeostasis through immune function and cellular signals 1) . However, excessive amounts of ROS can damage DNA, proteins, and lipids 2) . Acute endurance exercise increases oxygen consumption in many organs and generates ROS. Nevertheless, the body contains a large number of enzymatic (i.e., superoxide dismutase, catalase, glutathione peroxidase) and nonenzymatic antioxidants (i.e., vitamin E, vitamin A and vitamin C) to prevent ROS formation. Numerous studies have investigated the effects of acute endurance exercise on markers of oxidative stress or antioxidant capacity 3, 4) . However, the factors that influence markers of oxidative stress and antioxidant capacity during acute endurance exercise remain unclear, and there are contrasting results depending on the type, intensity, and duration of exercise.
Myeloperoxidase (MPO) is an iron-containing enzyme that catalyzes the conversion of hydrogen peroxide into hypochlorous acid in neutrophils 5) . Calprotectin (otherwise known as MRP8/14 or s100A8/A9) is formed from calcium-binding, migration inhibitory factor-related proteins 6) . These proteins activate neutrophils and monocytes, producing immunomodulatory effects, and have also been shown to increase in plasma following exercise 7) . Although a few studies have examined the effects of different exercise intensities on markers of ROS [8] [9] [10] , the changes of both enzymatic and non-enzymatic antioxidant capacity, in addition to leukocyte activation markers such as MPO or calprotectin, under exercise with different intensities are largely unknown.
Anaerobic threshold (AT) refers to the exercise intensity at which there is a rapid increase in anaerobic energy production 11, 12) . The AT is regarded as the optimum exercise level for physical training of older adults or cardiovascular patients 13, 14) . From the viewpoint of exercise prescription, it is important to clarify the relationships between the exercise intensity centered on AT and oxidative stress or leukocyte activation markers. In the present study, we examined the effects of three different intensities of exercise on oxidative stress and antioxidant capacity. *Correspondence: masaki-taka@fuji.waseda.jp
Materials and Methods

Subjects.
The volunteers participating in this study were eight healthy and untrained males aged 22.6 ± 1.4 years (mean ± SD), with 67.7 ± 4.1 kg body mass, 175.2 ± 3.7 cm height, and 15.1 ± 2.2% body fat. Informed consent was obtained after a detailed description of the experiment. All procedures were approved by the ethics committee of the Faculty of Integrated Arts and Sciences of the University of Tokushima, and all experimental procedures conformed to the National Health and Medical Research Council guidelines for experimentation with human subjects.
Experimental protocols. Each subject performed an incremental exercise test using a cycle ergometer before the main exercise trials. The intensity of exercise started at 20 watts and was increased 10 watts every 90 seconds. Subjects were asked to indicate their rate of perceived exertion (RPE) at each step, and stopped exercise when their RPE reached 15. Heart rate (HR) was measured with an HR monitor (AD Instruments, Australia). In the exercise test, a heart sound microphone was placed on the 4 th intercostal space, left of the sternum. Heart sounds breaking point (HSBP) was calculated from the amplitude of the first heart sound. The HSBP is a non-invasively obtainable index of AT 15, 16) . Therefore, we defined the exercise intensity based on the HSBP. Three exercise intensities were set; low-intensity (LI: 70%AT), medium-intensity (MI: 100%AT), and high-intensity (HI: 130%AT). Each subject completed the three separate exercise trials for 20 min each. A control trial was also performed under resting conditions.
The subjects completed the four trials in a randomized order with each trial at least 1 week apart. On the day of trials, all subjects ate breakfast 1 h before arriving at the laboratory, and subjects arrived at approximately the same time of the day. The subjects were instructed to refrain from strenuous exercise and alcohol intake on the day before the trials, and were asked to maintain their normal diet without antioxidant supplementation during the experimental period.
Blood sampling. A blood sample was taken from the fingertip immediately before and after exercise, and 30 min after exercise. After collection, blood was centrifuged for 5 min at 15000 g to separate plasma. All plasma samples were stored at -20 o C until the assays were performed.
Blood markers analysis. Lactic acid (LA) concentrations were measured by a blood lactate analyzer (Lactate Pro, Arkray, Japan). Plasma concentrations of d-ROMs as an oxidative stress marker were analyzed using the method described by Alberti et al 17) . We measured the concentrations of plasma MPO and calprotectin (Hycult Biotech, The Netherlands) using ELISA. Plasma trolox equivalent antioxidant capacity (TEAC), as a marker of non-enzymatic antioxidant capacity was analyzed using the method described by Re et al 18) . Plasma superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) activities were measured using assay kits from Cayman Chemicals (Ann Arbor, MI, USA). Plasma concentrations of d-ROMs, MPO, calprotectin, TEAC, and SOD, CAT, GPX activities in plasma were adjusted to account for changes in plasma volume according to the methods of Beaumont et al 19) .
Statistical analysis. Data are presented as means ± SD. Using a two-way repeated measures ANOVA, we analyzed the data for the main effects of the trial and time, and the interaction of time × trial. When we detected significant main or interaction effects, we used Tukey's test (HSD) for post-hoc comparisons. Statistical significance was set at P<0.05. Data analysis was performed using PASW Statistics 18 software (SPSS Japan Inc., Japan).
Results
Effects of different intensities of endurance exercise on heart rate (HR), ratings of perceived exertion (RPE) and lactic acid (LA).
HR and RPE during exercise were 100.7 ± 5.2 and 10.6 ± 1.4 bpm, respectively, in the LI trial, 123.9 ± 9.7 and 12.4 ± 0.7 bpm, respectively, in the MI trial, and 147.4 ± 10.4 and 14.4 ± 0.7 bpm, respectively, in the HI trial (Table 1) . LA concentrations immediately after exercise were 2.3 ± 0.7 mM in the LI trial, 2.6 ± 1.0 mM in the MI trial, and 4.6 ± 0.9 mM in the HI trial ( Table 1) .
Effects of different intensities of endurance exercise on oxidative stress markers. In the HI trial, plasma derivatives of reactive oxygen metabolites (d-ROMs) concentrations were significantly higher at immediately after (208.4 ± 65.1 U/Carr; P<0.01) and 30 min after (195.5 ± 73.0 U/ Carr; P<0.05) exercise when compared with those at preexercise (155.8 ± 61.4 U/Carr) (Fig. 1) . Plasma d-ROMs concentrations did not increase significantly after the C, LI, and MI trials.
Effects of different intensities of endurance exercise on leukocyte activation markers. Plasma myeloperoxidase (MPO) concentrations did not change significantly in any trials (Table 2) . Furthermore, plasma calprotectin concentrations did not change significantly in any trials ( Table 2) .
Effects of different intensities of endurance exercise on antioxidant capacity. Plasma trolox equivalent antioxidant capacity (TEAC) significantly increased immediately after exercise (9.6 ± 0.7 mM; P<0.01) in the HI trial (Fig.  2) , then returned to the pre-exercise value (8.6 ± 0.7 mM) at 30 min after exercise (8.9 ± 0.8 mM). Plasma TEAC did not increase significantly after the C, LI, and MI trials.
66.0 U/ml) of exercise. In the MI trial, plasma GPX activity was significantly higher immediately following exercise (316.5 ± 59.4 U/ml) than at pre-exercise (274.9 ± 91.0 U/ml) (P<0.05).
Discussion
In the present study, we investigated the influence of exercise intensity on changes in plasma oxidative stress and antioxidant capacity. Exercise intensity was based on the AT as set by the HSBP. We found that plasma d-ROMs concentrations were not changed in the C, LI, or MI trials. In support of this study, Goto et al. 9) reported that 30 min of cycle ergometer exercise at 50% V ・ O 2max did not increase serum concentrations of malondialdehyde-modified lowdensity lipoprotein as a marker of lipid peroxidation. These data indicate that the blood oxidative stress experienced at these exercise intensities did not exceed the antioxidant capacity of the blood to quench ROS. By contrast, Lovlin et al. 8) reported that maximal exercise to exhaustion increased plasma lipid peroxides, while Goto et al. 9) reported that 30 min of cycle ergometer exercise at 75% V . Some studies suggested
Neither plasma superoxide dismutase (SOD) nor catalase (CAT) activity changed significantly in any trials (Table  3) . On the other hand, in the HI trial, plasma glutathione peroxidase (GPX) activities were significantly higher than that at pre-exercise (277.4 ± 69.2 U/ml) (P<0.01) both immediately (325.1 ± 74.7 U/ml) and after 30 min (348.5 ± that exercise intensity may be more important than total energy expenditure in the post-exercise oxidative stress response 20, 21) . These results suggest that increased production of ROS in high-intensity exercise may overwhelm endogenous antioxidant capacity.
In the present study, the plasma d-ROMs concentrations immediately and 30 min after exercise were significantly higher than at pre-exercise levels in the HI trial. Highintensity exercise above AT would lead to an increase in catecholamines. This adrenal stimulation could be another mechanism of increasing oxidative stress, related to the autoxidation of catecholamines 22, 23) . Moreover, previous studies suggested that lactate metabolism and oxidative stress may be related 8, 24) . Lactic acid can transform a slightly damaging free radical (superoxide radical) into much more damaging perhydroxide 25) . In this study, plasma lactic acid after the HI trial was higher than in the other trials, which could be related to the elevated oxidative stress.
Aerobic exercise with higher intensity possibly results in greater oxygen uptake and consequently greater ROS production in mitochondria. Of note, the source of ROS production in high-intensity exercise is not only from the mitochondrial respiratory chain, but also from neutrophils and monocytes 5) . MPO is a common marker of exerciseinduced degranulation of neutrophils 26, 27) . MPO generates numerous ROS, which cause oxidative damage to proteins, lipids, and DNA 28) . MPO efflux depends on exercise intensity 29) : Suzuki et al. reported that ROS production and MPO increased after high-intensity exercise 30, 31) . Although we found no significant changes in plasma MPO concentrations in any trials, we observed that the percentage change in MPO concentration from pre-exercise to post-exercise was higher immediately after the HI trial than in the C and MI trials. Thus, plasma d-ROMs concentrations and MPO did not change following endurance exercise below AT; while they increased following endurance exercise above AT, suggesting that ROS may have been produced from MPO secreted by neutrophils with higher-intensity exercise.
Our study showed that calprotectin concentration did not change significantly at 70-130% AT exercise. Mooren et al. reported a significant increase in plasma calprotection immediately after and during the recovery period after acute endurance exercise 6) . The lack of any significant change in calprotectin in our study may be attributed to the shorter exercise duration. Most previous studies have Values are means ± SD. C: control trial, LI: low-intensity exercise (70%AT), MI: moderate-intensity exercise (100%AT), and HI: high-intensity exercise (130%AT) examined the effect of endurance exercise on calprotectin over longer hours (such as marathon races) 6, 32) . Therefore, our results indicate that exercise duration has more impact on changes in leukocyte activation markers during exercise compared to exercise intensity.
Antioxidants such as vitamin E and vitamin C in the blood help to reduce the severity of oxidative stress by forming less active radicals or by quenching the free radical chain reaction. Fatouros et al. 33) reported that nonenzymatic antioxidant capacity, as measured by the same method (TEAC) as our study, increased after a progressive diagnostic treadmill test to exhaustion. Seifi-Skishahr et al. 10) also reported that moderate-intensity endurance exercise significantly increased uric acid, which can act as an antioxidant. We found a significant increase in plasma TEAC concentration immediately after exercise in the HI trial. These results suggest that non-enzymatic antioxidant capacity is increased in endurance exercise above AT.
To assess the endogenous antioxidant defense system, both the enzymatic and non-enzymatic antioxidant defense systems need to be examined at the same time. Although several studies have reported changes in SOD and CAT after acute endurance exercise, the results remain controversial 34, 35) . We found no significant changes in plasma SOD and CAT activities in the various exercise trials. Neubauer et al. 36) recently reported that GPX in the enzymatic antioxidant defense system may be highly responsive to endurance exercise in general, and to exercise at high-intensities in particular. In our study, the plasma GPX activities were elevated immediately and 30 min after exercise, compared to pre-exercise, in the HI trial, and there was a significant increase in plasma GPX activity immediately following exercise in the MI trial. It is also possible that the increase in GPX may result from cellular damage (i.e. release of cytoplasm from erythrocytes, etc) rather than a specific antioxidant response. The underlying mechanisms of GPX change require further study.
Conclusions
We found that plasma concentrations of d-ROMs increased as a result of 20 min of exercise above AT. Exercise above AT also increased enzymatic and nonenzymatic antioxidant capacity. On the other hand, there was no effect after 20 min of exercise at 70-100% AT, suggesting that exercise under the AT level does not produce oxidative stress damage. 
